The cross-sectional area of a nutrient foramen of a long bone is related to blood flow requirements of the internal bone cells that are essential for dynamic bone remodelling. Foramen area increases with body size in parallel among living mammals and non-varanid reptiles, but is significantly larger in mammals. An index of blood flow rate through the foramina is about 10 times higher in mammals than in reptiles, and even higher if differences in blood pressure are considered. The scaling of foramen size correlates well with maximum whole-body metabolic rate during exercise in mammals and reptiles, but less well with resting metabolic rate. This relates to the role of blood flow associated with bone remodelling during and following activity. Mammals and varanid lizards have much higher aerobic metabolic rates and exercise-induced bone remodelling than non-varanid reptiles. Foramen areas of 10 species of dinosaur from five taxonomic groups are generally larger than from mammals, indicating a routinely highly active and aerobic lifestyle. The simple measurement holds possibilities offers the possibility of assessing other groups of extinct and living vertebrates in relation to body size, behaviour and habitat.
INTRODUCTION
The size of blood vessels is dynamically variable, responding to the blood flow requirements through them. Vessels throughout the body react specifically to greater blood pressures by thickening and strengthening the walls, and to greater shear stress (related to the velocity of the blood) by increasing circumference [1, 2] . Organs that have higher metabolic rates require higher flow rates and therefore have larger blood vessels that service them. To test the hypothesis that differences in blood perfusion rates reflect differences in metabolic capacity between species, this study examines the correlations between femoral nutrient foramen size, bone volume, body mass and resting and maximum metabolic rates in living mammals and reptiles. As bones are the only tissues remaining from non-avian dinosaurs, the relationships between nutrient foramina size and metabolic capacity developed for mammals and reptiles can indicate the levels of activity and metabolic status of dinosaurs.
Long bones of all amniotes, comprising the reptiles, mammals and birds, receive blood from three sources: (i) nutrient vessels, (ii) metaphyseal and epiphyseal vessels that combine after the cartilaginous growth plate is closed and (iii) periosteal vessels [3] . The nutrient system contributes around 50 -70% of the blood supply of the cortical and medullary regions [4] . Each nutrient artery enters the long bone through a discrete foramen on the diaphysis (central shaft comprising the cortex and medullary cavity). The artery does not branch inside this canal but divides into an ascending and descending limb on reaching the medullary cavity. From these limbs arise two types of arteries-cortical branches that supply the cortical bone, and centripetal branches that enter the medullary sinusoids to supply the bone marrow before draining into the central venous sinus. The central vein exits the bone either along the artery through the foramen or as a separate emissary channel [5] . Cortical bone of all amniotes is cellular [6, 7] . Some bones are well vascularized, with capillaries inside primary vascular canals, primary osteones or secondary osteones (Haversian systems). Avascular bone is found commonly in the Lepidosauria and lacks any kind of capillary network, yet all other structural components are present [6] . Bone cells are confined within lacunae and communicate via cytoplasmic extensions within canaliculi, which are involved in interstitial fluid flow in both vascular and avascular bone [7] . These cellular components are responsible for oxygen consumption within bone tissue, therefore contributing to the amount of blood flowing into a bone.
Bones are responsive to static and dynamic stresses applied to them during growth, load bearing and locomotion throughout life. Basic multicellular units, consisting of osteoclasts that resorb the matrix followed by osteoblasts that lay it down again, continually bore through cortical bone and replace old bone containing microfractures with new bone [8] [9] [10] . The bone cells respond to local strain by either net deposition or resorption of bone as appropriate, creating strength along the lines of stress [11, 12] . Many studies indicate that loading and exercise increase micro-damage in the short term and bone remodelling over a longer period [11, 13] . Bone cells have high aerobic metabolic rates, comparable with nervous tissue [14] , and they are accompanied by blood capillary loops [10] . Blood flow rates are capable of oxygenating the interior of bones to a high level [15] . It is reasonable to hypothesize that animals with higher levels of locomotory activity should have higher metabolic rates of the whole body and individual organs [16] , and that this should be reflected in higher blood perfusion rates through larger blood vessels. Long bones represent a convenient tissue to study, because the size of the blood vessels can be evaluated from the dimensions of the nutrient foramina that penetrate them.
Perfusion through blood vessels is normally laminar and can be described by the Hagen -Poiseuille equation: ). If blood pressure is not known, blood flow rates are proportional to an index of blood flow,
, which is calculated from effective foramen radius and the length of the bone. We use Q i to compare species groups.
MATERIAL AND METHODS
Foramen area was measured with callipers either directly or from digital photographs of the surface of the bone (figure 1). The femur was chosen as it is a large bone, important for support and locomotion and consistent in blood supply [17] . Morphometric data included foramen size, femur volume, mass and length from 59 mammal, 32 non-varanid reptile, eight varanid reptile and 10 dinosaur species. The dinosaurs included representatives of Theropoda, Ornithopoda, Sauropodomorpha, Ceratopsidae and Stegosauridae. Major and minor diameters of foramina were measured with callipers either directly by aligning the jaws across the diameter of the foramen below the tapered superficial opening or indirectly from microscopic images of both the foramen and calliper tips. Because it was not always possible to see the direction of nutrient vessel penetration, only the minor diameter was used to calculate foramen radius and area. Volume could not be reliably measured in dinosaur specimens owing to lateral crushing during burial. Correlative data on adult body mass (M b , g), basal metabolic rate (BMR, ml O 2 h 21 ), maximal metabolic rate (MMR) and absolute aerobic scope (AAS ¼ MMR -BMR) were obtained from the literature for extant mammals and reptiles (see the electronic supplementary material for detailed methods, list of specimens and sources of data).
All data were analysed allometrically, according to the
, where Y is the variable of interest, X is a length, volume or mass, a is the scaling factor (elevation) of the curve and b is the exponent (slope of the log-transformed equation). Statistics include ordinary least-squares regressions, 95% confidence intervals of the regression mean, stepwise multiple regression, ANCOVA and Akaike's Information Criterion (see the electronic supplementary material for statistics and interpretations).
RESULTS
Foramen area is significantly correlated with femur volume for both mammals and reptiles, with exponents not significantly different at about 0.50, but the mammals are about twice as high as reptiles (table 1 and figure 2 ). Varanids show no significant correlation between foramen area and femur volume, and are not significantly different from mammals, but are significantly higher than other reptiles. The index of blood flow, Q i , is significantly correlated with body mass for mammals and reptiles, but not for varanids or dinosaurs (table 1 and figure 3 ). Mammals are not significantly different from reptiles in slope, but are significantly higher. Mammals and varanids are significantly different in slope, but differ little in elevation. Non-varanid reptiles and varanids are not significantly different in slope, but varanids are significantly higher. Q i , calculated from minimum foramen radius and femur length in 10 species of dinosaur, including representatives of Theropoda, Ornithopoda, Sauropodomorpha, Ceratopsidae and Stegosauridae, is significantly higher than in mammals, with the exception of the largest sauropod, Giraffatitan (i.e. Brachiosaurus) brancai (table 1 and figure 3 ). Because the Q i data for varanids show no significant correlation with body size, and they are all smaller than dinosaurs, comparison of their allometric equations is not meaningful. Other combinations of foramen area and Q i in relation to M b , femur length and femur mass are displayed and analysed allometrically in the electronic supplementary material.
Among the 19 species of mammals and reptiles with data for all of Q i , M b , BMR, MMR and AAS, Q i is best related to MMR and AAS according to Akaike's Information Criterion (AIC c ) and Akaike weight (w i ). (See the electronic supplementary material for interpretation of this analysis.) Log Q i is best predicted either by log AAS (AIC c ¼ 25.5, w i ¼ 0.35) or log MMR (DAIC c ¼ 0.2, w i ¼ 0.31). The probability that either log MMR or log AAS is the best predictor of log Q i is 0.65. Log Q i is poorly associated with log M b (DAIC c ¼ 2.9, w i ¼ 0.08) and log BMR (DAIC c ¼ 3.5, w i ¼ 0.06). For mammals, stepwise multiple regression also showed better correlation between Q i and MMR and AAS than BMR, as did analysis of residuals.
DISCUSSION
The results of this study indicate that the blood flow to femora is higher in mammals than in non-varanid reptiles. In relation to a body mass of 1 kg, Q i is about 9.6 times higher in mammals than in reptiles. But the real difference in bone oxygenation rate must also account for differences in blood pressure and oxygen carrying capacity of the blood. Mean arterial blood pressure is about 14 kPa in mammals and about 5 kPa in reptiles, differing by a factor of 2.8 [18] . Furthermore, the carrying capacity of mammalian blood is generally higher than that of reptiles, owing to an average twofold greater haemoglobin concentration [19] . Thus, we estimate that the difference in oxygenation of the interior of bones is potentially of the order of 9.6 Â 2.8 Â 2 % 54 times higher in mammals than in reptiles.
It appears that bone oxygenation in mammals is disproportionately higher than the approximately 10-fold difference in temperature-corrected BMR of mammals and reptiles [20] . Because bone foramina are fixed in size, however, it is expected that they accommodate maximum blood flow rates, rather than resting rates. This idea is supported by comparison of allometric exponents ( figure 3) . The scaling exponent of Q i on body mass for mammals is 0.86, which is significantly higher than the exponent of 0.69 for BMR in over 600 species of mammals [21] . Because diastolic and systolic arterial blood Blood flow to long bones R. S. Seymour et al. 453 pressure in mammals increases significantly with body mass to the 0.05 power [22] , it follows that maximum bone blood flow should be proportional to body mass to the 0.86 þ 0.05 ¼ 0.91 power. This value is indistinguishable from the 0.87 scaling exponent of mammalian exercise-induced MMR [23] . Akaike's Information Criterion, stepwise multiple regression and analysis of residuals also showed better correlations of Q i with MMR and AAS than with BMR, confirming that blood flow is related to activity, not rest.
One unifying explanation for the high scaling exponents and the difference in Q i between mammals and reptiles is the requirement for bone remodelling in response to stresses put on the bones during locomotion. It is very well established that mammals increase remodelling of their bones in response to mechanical loading during exercise [24, 25] , and measurements indicate that this requires increased blood flow in long bones [26] . Remodelling increases cellular activity within the bone cortex, presumably increasing metabolic rate and thus accounting for the increased oxygenation [11] . However, crocodilians do not remodel their bones in response to mechanical loading of exercise [27, 28] , which is consistent with a low blood flow requirement.
Varanid lizards are clearly exceptional reptiles, with nutrient foramen areas and Q i values significantly above other reptiles, but not significantly different from mammals (figures 2,3 and table 1). It is relevant that, like mammals, larger varanids possess cortical vascular canals in their long bones [29] , and, in contrast to crocodilians, bone remodelling occurs in Varanus exanthematicus in response to daily exercise [29] . As active hunters, varanids are considered to fill the niche otherwise occupied by mammalian predators [30] , and they have adapted their metabolism to suit this active lifestyle. During maximum activity, varanids increase their oxygen consumption far above the upper limits of aerobic capacity of other reptiles, with small species exceeding half the maximum metabolic rate of mammals [31, 32] . However, in contrast to mammals, varanid lizards maintain a BMR not significantly different from other reptiles [33] . The similarity between the aerobic scopes of mammals and varanids suggests once again that femoral blood flow is influenced by oxygen consumption of bone during activity rather than rest. Finally, it is significant that the highest factorial aerobic scopes occur in smaller varanids [34] , consistent with the flat allometry of Q i in varanids of this study (figures 2 and 3). The slopes of allometric relationships of foramen area in varanids are not significantly different from zero when related to bone size ( figure 2 and table 1) , but are significantly different from the slopes for mammals on the basis of body mass (electronic supplementary material, table S2).
The foramina of dinosaurs were all large with respect to body size and femur length (figures 1 and 3 and electronic supplementary material, figures S1 and S2 and tables S1 and S2). Several lines of evidence, including vertical distances above the heart level and a four-chambered heart among extant archosaurs, indicate that blood pressures in dinosaurs were high, at least comparable with mammals [18] . We believe high Q i values and blood pressures indicate that dinosaur long bones received high perfusion rates characteristic of highly active animals with appreciable requirement for bone remodelling in response to stress. Perhaps the high blood flow is related to high growth rates of some dinosaurs as evident from bone histology; dinosaur fibro-lamellar bone is generally characterized by dense vascular canals, while most reptile bone is not [35] . However, our samples were largely from adult animals in which the immediate needs of bone remodelling owing to stress would seem more important than growth. These data support the ever-growing evidence that some dinosaurs were highly active animals with high aerobic metabolic rates, high food requirements and fast growth [36, 37] . In general, such levels of aerobic activity are associated with endothermy, but the varanids of this study show that ectothermy and high aerobic scopes for activity are possible.
The range of dinosaur body size, from 12 kg in an unidentified hypsilophodontid to 10.9 tonnes for Giraffatitan, may appear somewhat light compared with older estimates, but newer restorations of dinosaurs take a more 'bird-like' view of their body shapes, producing more slender, lightly built animals, while older estimates tended to highlight the largest. Nevertheless, errors in body mass estimation would have to be greater than an order of magnitude just to coincide with the mammalian data. It might be argued that the true size of the dinosaur foramina was overestimated because of diagenetic effects or tapering from the surface to deeper in the shaft. However, we chose only femur fossils with intact and depressed nutrient foramina (e.g. figure 1 ) and we took the minor radius of the opening to calculate the area of a circle, which, if anything, would underestimate true size. The possibility that the femoral foramina represent pneumatic openings is unlikely, because there is no evidence of any pneumatization of long bones in dinosaurs, including Archaeopteryx; skeletal pneumaticity is confined to the axial skeleton and, in some theropod dinosaurs, to the appendicular girdles [38, 39] .
This preliminary study shows that the dimensions of nutrient vessel foramina can be used as a proxy for the metabolic intensity of mammals and reptiles and that the large foramina of dinosaurs are indicative of high maximum aerobic metabolic rates. The approach has been an allometric comparison of major groups that are statistically distinct. Analysis on a species-by-species basis inevitably shows some overlap, and there are exceptions, but they do not disprove the trend. Our separation of varanid lizards from other reptiles is based post hoc on physiology and foramen size, not on an a priori taxonomic decision. Birds are not included in the current analysis not only because of complications arising from pneumatization of long bones, as the pneumatic foramen is large and accompanied by nutrient vessels [40] , but also because they generally fly rather than run, and we lack maximum metabolic rates for most species. Nevertheless, values of Q i estimated from non-pneumatic femoral foramina in 54 species of bird ranging in mass from 14 g to 40 kg have a significantly higher slope than mammals and are not significantly different from mammals in species weighing more than 3.9 kg. Smaller birds are significantly lower than mammals, but we emphasize that the contribution of blood flow from pneumatic foramina is not included, and until it is accounted for, the results are not comparable.
Further investigations are clearly necessary to understand the functional significance of bone foramen size among vertebrates, especially those involving phylogenetically informed analyses. The specimens in this study are not representative of mammals and reptiles of the world, but are highly biased to Australian species, so a larger dataset may be able to outline the relationships more precisely and permit correlations on a finer scale within these two groups. For instance, foramen size may be influenced not only by body size and activity levels, but also other features that affect bone remodelling, including mode of locomotion and environment. The number, size and orientation of supporting legs may influence bone blood flow, with possibly greater stress in bipeds compared with quadrupeds and runners compared with fliers. Locomotion in the terrestrial environment, compared with the gravity-free aquatic one, may result in meaningful differences bone remodelling and blood flow. Greater knowledge of the relationship between foramen size, actual blood flow rates and actual bone metabolic rates are essential to underpin the observed correlations of this study. Finally, ontogenetic changes in size, locomotion ability, metabolic rate and bone remodelling could be related to nutrient foramen size in natural or manipulative experimental regimes to understand the factors that determine nutrient vessel size within a species.
